Montmorillonite (MMT) may become a preferred filler material for fiber-reinforced polymer (FRP) composites due to its high aspect ratio, large surface area, and low charge density. In the present paper, MMT/glass/vinylester multiscale composites are prepared with untreated and surface-treated MMT clay particles with an MMT content of 1.0 wt%. Effects of surface treatment on mechanical properties of MMT/glass/vinylester multiscale composites are investigated through tensile and bending tests, which revealed enhanced mechanical properties in the case of surface-treated MMT. Thermal properties are studied through thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA). X-Ray diffraction is performed to investigate the interaction between MMT and the matrix. Fourier Transform Infrared (FTIR) is also performed for both untreated and surfacetreated MMT. Furthermore, Field Emission-Scanning Electron Microscope (FE-SEM) is conducted to investigate the path of fracture propagation within the composite surface, showing that the surface-treated MMT based multiscale composite has better interactions with the host matrix than the untreated MMT multiscale composites. These composites with enhanced mechanical strength can be used for various mechanical applications.
Introduction
Over the last few decades, polymer composites reinforced with fillers such as whiskers, fibers, particles, and platelets have supplanted many established materials in various fields [1] [2] [3] [4] . Due to ease of processing, light weight, and low cost, polymer composites are of interest to various industries. Properties of composites depend upon properties of the matrix and filler material used to reinforce the matrix. The foremost concern is to expand the application spectrum of these polymer composites by augmenting or altering the properties of the existing materials. To accomplish this objective, surface modification techniques involving chemical, physical, or biological modification of the reinforced material are performed [5] [6] [7] [8] [9] . Due to surface functionalization, the interfacial interactions between the fillers and matrix increase, thereby improving the mechanical and thermal properties [10] . Additionally, surface functionalization decreases agglomeration of reinforced material and helps to achieve optimal dispersion. For instance, Du et al. modified the MWNT surfaces with MgO and observed an enhancement of 89% in thermal conductivity of MgO functionalized MWNT in epoxy matrix [11] . Olivier et al. studied the increase in stability and corrosion protection of galvanized steel by an aqueous layer of silanized MMT [12] . Lee et al. recycled the carbon fiber by reestablishing the mechanical and chemical properties through plasma treatment of carbon fiber surface [13] .
MMT clay particles are widely used filler materials with unique properties. MMT is a layered structure of parallel sheets arranged in a 2 : 1 ratio of tetrahedral/octahedral crystal structure with ∼1 nm interplanar distance. Na + or K + ions and water molecules reside between these layers to maintain its negative electric charge. MMT possesses a high aspect ratio, large surface area (750 m 2 /g), and low surface charge density (0.25-0.5 equiv. mol −1 ) [14, 15] . Because of the low surface charge density, the layers can be separated and chemically modified by ion exchange reactions, which consequently improve the mechanical and thermal properties of the host material [16] . In ion exchange reactions, Na + or K + ions are replaced by quaternary or onium ions, which changes hydrophilic MMT into hydrophobic MMT. Consequently, the compatibility and interactions between the MMT layers and polymer matrix increase for polymers that are hydrophobic in nature [17] [18] [19] [20] . Additionally, increases in surface adhesive force and intercalation or exfoliation occur between MMT layers. Thus, surface-treated MMT-reinforced composites can enhance composite properties [21] [22] [23] . Generally, three types of interfacial interactions occur between MMT layers and the polymer matrix depending upon processing and the degree of MMT dispersion [24] (Figure 1 ). In unmixed composites, interactions between the polymer and MMT are very weak. For intercalated composites, polymer chains intercalate into MMT layers by maintaining the MMT morphology. In exfoliated form, maximum polymer/MMT interaction occurs and MMT layers are separated and dispersed into the polymer matrix by an average nanometer distance, allowing the MMT particles to behave as nanoentities [25, 26] . Thermoset polymer vinylester is among the most widely used polymers due to its excellent barrier and thermal properties, chemical stability, corrosion resistance, light weight, low cost, and ease of processing [27] [28] [29] . Pure vinylester is brittle; to overcome this limitation, the resin is reinforced or reacted with various fillers or modifiers [30, 31] . The most often used filler material with pure vinylester is glass fiber. In the past few years, glass fiber-reinforced plastics (GFRPs) have fascinated scientists in research and industry. Due to their high strength, high stiffness, durability, high chemical resistance, and less brittle nature, glass fibers are widely used as fillers in polymer matrices [32] . A number of studies have shown enhanced properties of the vinylester matrix due to addition of glass fiber/mat reinforcements [33, 34] .
In the present study, GFRP/vinylester composites with MMT (Cloisite Na + ) are synthesized. The effects of the surface modification of the system are studied using untreated and treated MMT, where 3-aminopropyltriethoxysilane (3-APTES) is used as a surface modifier for MMT. Though much work has been carried out on surface-functionalized fillers, MMT with vinylester is a less explored area. Therefore, a comparative mechanical study is performed herein for both untreated and surface-treated MMT clay-based GFRP/vinylester composites. To study the effects of surface treatment of MMT on mechanical properties, tensile and bending tests are performed. To study the morphology of the fractured surface, FE-SEM is performed and thermal studies are conducted using TGA and DMA. XRD and FTIR are also utilized to better understand this system. 
Experimental Section

Surface Treatment of MMT Nanoclay (Silanized MMT).
Surface treatment of MMT clay was carried out in following steps. First, separate aqueous solutions of untreated MMT (1 g) and 3-aminopropyltriethoxysilane were prepared separately in distilled water (10 g and 4 g, resp.) which were further mixed with ethyl alcohol (20 g and 12 g, resp.), for 5 h at 50 ∘ C and 2 h at 25 ∘ C, respectively. Later, these two solutions of untreated MMT and 3-aminopropyltriethoxysilane were mixed together with continuous stirring for 3 h at 25 ∘ C. This prepared solution was filtered and followed by thorough washing with distilled water and drying for 48 h at 80 ∘ C in vacuum conditions. 0.5) mm. Reproducibility of the tensile and bending tests has also been checked.
Synthesis of GFRP/Vinylester
Results and Discussions
To study the effect of surface treatment on MMT interlayer spacing, XRD is performed. Figure 2 presents the XRD pattern of untreated and treated MMT powders. XRD data provides the details about -spacing and dispersion of MMT platelets after silanization. As can be seen in Figure 2 , 2 value for untreated MMT powder is 7.28, which corresponds to an interlayer spacing of 12.12Å. For silanized MMT powder, the peak shifted to 4.29, corresponding to -spacing of 20.55Å. This result suggests that interlayer spacing increases due to the surface treatment [36] . When MMT is treated with 3-APTES, Na + and K + ions are exchanged with quaternary ions, which are responsible for the expansion of the distance between layers compared to that in the untreated MMT [23] . Figure 3 shows the XRD spectra of vinylester/GFRP composites with 1.0 wt.% untreated and treated MMT, respectively. In both cases, there is a shift in peak to lower angle. For untreated MMT, the peak shifts to 2 value of 6.95 ( -spacing of 12.70Å), while the shift for silanized MMT is to 2 value of 3.94 ( -spacing of 22.40Å). There is more change inspacing for silanized MMT compared to the untreated MMT, indicating that vinylester entered between the silanized MMT layers, resulting in exfoliation and dispersion of the layers into the matrix. Conversely, there are some layers that are not exfoliated and remained in the original form, representing one additional peak at around 2 = 8.40
∘ [37] . that is assigned to the bending vibrations of Al(Al)OH and at 795 cm −1 for bending vibrations of Mg(Mg)OH. However, new peaks for silanized MMT powder are observed at around 2933 cm −1 because of -CH asymmetric stretching and -CH 2 symmetric stretching which validate the attachment of organic silane on the MMT surface at 1558, 1435, and 696 cm −1 due to -NH 2 and -CH 2 bending vibrations. The peak intensities also decrease after surface treatment, which provide evidence of surface modification of MMT powder after 3-APTES treatment [36] . Figure 5 represents the TEM images of layered structure of untreated (a) and treated MMT (b). In the case of untreated MMT, the stacks of multiple layers are observed which represent the aggregated form of the layers which has lessspacing. Meanwhile the thin dispersed layers are observed in case of treated MMT which shows the modification has been done due to the treatment of 3-APTES. The interlayer distance has also increased after treatment which verifies that the exfoliation of MMT has taken place. The surface of the treated MMT is rougher than the untreated one which validates the reason behind increased mechanical properties.
SAED patterns (inset) also show the changes after surface treatment. As can be seen in the images, MMT before treatment is comparatively more crystalline in nature, while after treatment it becomes amorphous. The increase inspacing due to ion exchange reaction is the reason behind this.
Thermal studies of both composites were done through TGA and DSC curves. Figure 6 shows the weight loss and heat flow curve of untreated (a) and treated (b) MMT based composites. It can be seen in the obtained thermograms that both composites show one-step degradation. The onset degradation temperatures are 420.90 ∘ C and 433.34 ∘ C for untreated and treated MMT based composites, respectively, which correspond to the DSC endothermic decomposition peaks. Compared to untreated MMT based composites, the thermal stability of the treated MMT based composites is better. Additionally, the weight loss % for the untreated MMT based composites is higher (33.77%) than the treated one (32.08%) and therefore the mass residue is lower. This difference in thermal stability may be because of the fact that the presence of MMT layers into the matrix acts as thermal barrier during the decomposition and provide stability. When the MMT powder is treated with 3-APTES, silane moieties are attached and the interplanar distance between MMT layers increases [23] . Consequently, individual layer behaves as nanoentity and distributes evenly into the matrix [38] . Hence, because of enhanced interactions and bonding, thermal stability of the treated MMT based composites increases. Furthermore, same pattern was followed by DSC curves. Thermograms of both untreated and treated MMT based composites demonstrate the same pattern, indicating an endothermic process. The degradation temperature of the treated MMT based composites is higher which may be because of cross-linking between the matrix and the reinforced material and constrained movement of the matrix fragments due to the good distribution of the MMT after surface treatment [34] .
The viscoelastic behavior of the system is studied using DMA. Figure 7 presents the storage modulus and tan value of the vinylester/GFRP composites containing untreated and treated MMT. It can be seen from Figure 7 (a) that for both cases storage modulus starts decreasing with increasing the temperature ( ) and displays a rubbery plateau. This state is the change from glassy state to rubbery state (glass transition) because at higher temperature the molecular segments start to move with the load which may cause the destruction of the cross-links between the host and fillers. During these chemicomechanical changes there is insufficient energy to Journal of Nanomaterials surpass the glass region barrier. The storage modulus of silane-treated MMT composite is higher than that of the untreated one because after treatment interaction between the matrix and the filler increases and MMT layers act as nanoentities which contributes to stress sharing during load application and hinders the mobility of the molecules. Storage modulus depends upon the aspect ratio of the fillers [39] . As aspect ratio increases, stress sharing between the fillers and host also increases consequently increasing stiffness. Figure 7 (b) displays the loss tangent of the system containing nonsilanized and silanized MMT. The temperature where storage modulus is lowest corresponds to the highest loss tangent. The sample containing silanized MMT shows a lower tan value, which represents a higher energy dissipation potential of the sample due to the complex intermixing of the glass fiber-silanized MMT and vinylester polymer; that is, the sample does not store the energy provided by the applied stress. On the other hand, the sample without silanized MMT acts as a more elastic material due to the greater storage of provided energy. In addition, value of the system shifts to a higher value due to the silanization of MMT.
To study the effect of surface treatment of MMT on mechanical properties of MMT based composites, tensile and bending tests are performed. Both composites show the linear relationship between the tensile strength and strain in Figure 8 . Maximum tensile strength and elastic modulus are shown in Figures 9(a) and 9(b) , respectively. It is observed that maximum tensile strength and elastic moduli of treated MMT based composites are higher than those of the untreated MMT based composites which is the result of optimal dispersion and enhanced interfacial interaction between surface-treated MMT, glass fiber, and vinylester matrix. The uniformly dispersed MMT layers and glass fibers behave as an obstacle to deformation. When the outside load is applied to the sample, the polymer matrix transfers load to the reinforced nanoclay that aligns into the load direction and reduces the probability of crack generation. Moreover, after silane modification, MMT becomes hydrophobic which improves the compatibility between polymer matrix and MMT [23] .
Bending tests are performed to study the flexural strength of untreated and treated MMT composites. Figure 10 shows the stress-strain curve of both samples. Figures 11(a) and 11(b) represent the flexural strength and flexural modulus of both composites, respectively. It is found that the flexural strength and flexural modulus of the surface-modified MMT based composites are slightly higher than those of the untreated MMT based composites. The reason behind this is the fact that after silanization of MMT adhesion between MMT, glass fibers, and matrix increases which inhibits the crack propagation by resisting the fibers to pull out during load application.
SEM images of a fractured surface of untreated and treated MMT GFRP/vinylester composites are shown in Figures 12(a) and 12(b), respectively. As can be seen in Figure 12 (a), untreated MMT based composites possess poor adhesion between the matrix and the fillers. Therefore, when a load is applied to the composites, glass fibers pull out because of weak interfacial bonding. The surface of the composites is very rough and contains voids. Since MMT is hydrophilic in nature, there is little interaction between MMT and vinylester, resulting in low interfacial strength, which leads to crack initiation. Moreover, inadequate dispersion of MMT results in agglomeration, which is responsible for the deterioration of mechanical properties. However, Figure 12 (b) shows the fractured surface of silanized MMT based composites. As the image reveals, the surface of the composite incorporated with surface-modified MMT is smoother and contains fewer voids. When the surface of MMT is treated with 3-APTES, MMT becomes hydrophobic, altering the chemistry between the host polymer matrix and MMT. This change involves increased interaction between the fillers and matrix which results in strong interfacial bonding and therefore plays a significant role in load transfer [40] . When silane groups are attached to the MMT surface, the interplanar distance between the MMT platelets increases and each platelet acts as a nanoscale entity. Nanodimensional attributes of modified MMT play a crucial role in optimal dispersion in the matrix.
Conclusions
A systematic investigation of mechanical properties of montmorillonite (1.0 wt.% as-received and surfacemodified)-based glass fiber-reinforced vinylester composites is described in this report. The results indicate that the tensile and flexural properties of the composites depend upon the interfacial strength between the polymer host and the reinforced materials. Composites having surface-treated MMT reveal better interaction with the reinforced materials and better adhesion, which result in improved tensile and flexural properties of the composites. Because of surface modification, hydrophilic MMT becomes hydrophobic and becomes compatible with the organic polymer matrix. Furthermore, MMT platelets behave as individual entities and disperse as nanoclay into the host matrix. Therefore, these composites may have various mechanical applications.
